The induction of macrophage procoagulant activity (PCA) has been shown to correlate with the development of fulminant hepatic necrosis after infection with murine hepatitis virus strain 3 (MHV-3). However, comparatively little is known about the early events in cells after viral infection leading to PCA expression. Accordingly, we investigated the early cellular events in the induction ofmacrophage PCA by MHV-3. MHV-3 stimulation of macrophages did not result in a detectable increase in intracellular calcium levels nor did stimulation of macrophages by calcium ionophores result in induction of PCA, suggesting that calcium transients were neither necessary nor sufficient for induction of PCA by MHV-3. Treatment of cells with phorbol myristate acetate had no effect on PCA induction; however, inhibition of protein kinase C (PKC) by staurosporine or H7 resulted in attenuation of macrophage PCA following MHV-3 stimulation (P < 0"05 compared with untreated macrophages), suggesting that although activation of PKC alone is insufficient for PCA induction, PKC may be an integral component of PCA induction by MHV-3. We have previously demonstrated that dimethyl prostaglandin E 2 inhibited induction of PCA by MHV-3. In this study, treatment of cells by agents that increase intracellular cAMP (forskolin, isobutylmethyl xanthine) significantly inhibited PCA induction (P < 0"02). These results demonstrate that induction of macrophage PCA by MHV-3 involves PKC, but proceeds independently of changes in intracellular calcium, and that PCA expression is down-regulated by increases in intracellular cAMP.
Introduction
Activation of the immune coagulation system is known to be an important component of a number of inflammatory reactions including the delayed-type hypersensitivity reaction, autoimmune diseases and the response to infections and allograft rejection (Colvin et al., 1973; Cole et al., 1985a, b; Idell et al., 1989; Wakefield et al., 1989; Geczy et al., 1981) . Fibrin deposition, intravascular coagulation and induction of macrophage procoagulant activity (PCA) contribute to these underlying pathological processes. The induction of macrophage PCA is a complex process and can be initiated in vitro and in vivo by a number of stimuli including viruses, bacterial endotoxins, alloantigens and antigen-antibody complexes (Cole et al., 1985a, b; Levy et al., 1981; Sinclair et al., 1990a; Schwartz & Edgington, 1981) . Three distinct procoagulants have been described and characterized: tissue factor (TF), a direct factor X activator and a direct prothrombinase (Morrissey et al., 1988; Maier & Ulevitch, 1981; Fung et al., 1991) . The * Author for correspondence. Fax +1 416 340 3492. e-mail glevy@torhosp.toronto.on.ca third procoagulant, the prothrombinase, has been shown to be induced both in vitro and in vivo by murine hepatitis virus strain 3 (MHV-3) infection (Levy et al., 1981) .
Previous work in our laboratory using a murine model of viral hepatitis has demonstrated that infection with MHV-3 results in a strain-dependent spectrum of disease. In susceptible mouse strains, MHV-3 produces a fulminant hepatitis characterized by abnormalities of the hepatic microcirculation consisting of granular blood flow and sinusoidal microthrombi formation (Levy et al., 1983; MacPhee et al., 1985) . The induction of macrophage PCA during infection correlated with the severity of infection.
The cell-surface MHV receptor has been cloned and sequenced (Williams et al., 1990; Dveksler et al., 1991) . However, the biochemical events leading to the expression of MHV-3-induced PCA after binding of the virus to its receptor are not known, but are of paramount importance in our understanding of the pathogenesis of fulminant hepatitis. Previous experiments have shown that 16,16-dimethyl prostaglandin E 2 (dmPGE) inhibits the induction of macrophage PCA from susceptible BALB/cJ mice following MHV-3 infection both in vivo and in vitro (Abecassis et al., 1987) . In these studies, 0001-2963 © 1995 SGM treatment of susceptible MHV-3-infected mice with dmPGE prevented both biochemical and histological evidence of liver necrosis and fully inhibited the induction of PCA. The actions of dmPGE are thought to be dependent on an increase in intracellular cAMP and alterations in the generation of secondary messengers (Knudson et al., 1986; Takenawa et al., 1986; Kammer, 1988) .
Currently, there are no data examining signal transduction events leading to the induction of MHV-3-induced PCA. Elucidation of the regulatory cellular events may provide information about the restriction and regulation of PCA induction. Our experiments were designed to explore some of the early pathways that are required for the induction of PCA, leading to further understanding of the mechanisms involved in the pathogenesis of MHV-3-induced infection. We therefore examined the effects of alterations in early cellular pathways on the induction of PCA by MHV-3 in macrophages from MHV-3-susceptible mice.
Methods
Preparation of cells, Peritoneal macrophages were elicited in BALB/cJ and A/J mice (Jackson Laboratories) by intraperitoneal injection of Brewer's thioglycollate (Difco Laboratories). Cells were washed twice with RPMI 1640 and resuspended at a concentration of 1 × 106 cells/ml in RPMI 1640 supplemented with 2 mM-L-glutamine.
Virus. MHV-3 (ATCC) was grown and purified as previously described (Levy et at., 1981) .
PCA. Samples were assayed for PCA by their ability to accelerate the spontaneous clotting time of recalcified, platelet-poor normal human plasma (Levy et al., 1981) . Results were quantified by comparison to serial dilutions of standard rabbit brain thromboplastin (American Hospital Supply Company). Percentage inhibition of PCA was calculated as follows: [(maximum PCA)(PCA with drug)/maximum PCA] x 100.
Effects of intracelhdar calcium ([Cae+]~) on induction of PCA.
Cells were incubated with the calcium ionophore ionomycin (1-10 gu) for 6 h, then assayed for the induction of PCA. In some experiments, cells were incubated with ionomycin or A23187 (1-10 gu) for 1 h, then stimulated with MHV-3 (m.o.i. of 1.0) for a further 6 h before assay for PCA.
[Ca2+] i was measured fluorometrically using the calcium-sensitive dye indo 1-AM. Cells were resuspended in HCOa-free Dulbecco's modified Eagle's MEM containing HEPES buffer (10 mM, pH 7"3) at 20 °C. The cells were then loaded with indo 1-AM (2.5 ~M) for 30 min at 37 °C. Indo 1-AM is the acetoxymethylester precursor of indo 1. This hydrophobic precursor rapidly diffuses across the plasma membrane into the cytoplasm of cells where the acetoxymethylester is cleaved by esterases, trapping the hydrophilic indo 1 in this compartment. Indo 1 then binds to calcium in a 1 : 1 ratio and upon binding calcium exhibits a shift in its fluorescence spectrum that can be measured using a fluorescence spectrophotometer. The cells were centrifuged and resuspended in an Na + buffer (137 mM-NaC1, 3"0 mM-KC1, ll'lmM-D-glucose, 10mM-HEPES, I'0mM-MgCI 2, I'8mM-CaCI 2, pH 7-35). Fluorescence emission was measured using a Hitachi F-2000 fluorescence spectrophotometer with an excitation wavelength of 331 nm and an emission wavelength of 410 nm. MHV-3 was then added to the cell suspension. Calibration was done using ionomycin to cause maximum fluorescence and Mn 2÷ to quench the fluorescent signal. Indo 1 has a K D of 250 nM for calcium and a F ..... : Fmi n ratio of 12 was used to calculate [Ca2+]i (Gelfand et al., 1986) .
Role of protein kinase C (PKC) in the induction of PCA. The role of PKC was examined by incubating cells with the PKC agonist phorbol myristate acetate (PMA; 1-100 riM) for 6 h. In other experiments, cells were preincubated with staurosporine (10-50 riM) or H7 (100-200 gM) for 30 min, then stimulated with MHV-3 for 6 h. Cells were then prepared for the PCA assay.
Effect of dmPGE on induction of PCA. To examine the effect of dmPGE on PCA induction by MHV-3, cells were preincubated with dmPGE (1 gM) for 30 rain and then stimulated with MHV-3 (m.o.i. of 1.0) for 6 h at 37 °C in a 5 % CO 2 atmosphere. The cells were then washed twice with RPMI 1640 and resuspended at 1 x 106 cells/ml prior to the PCA assay.
To determine if dmPGE inhibition of PCA was mediated by a cAMP-dependent mechanism, cells were preincubated with dmPGE (1 gM), forskolin (10-100 [AM), or isobutylmethyl xanthine (IBMX; 10-100 gM) for 1 h. The cells were then stimulated with MHV-3 (m.o.i. of 1-0) for 6 h and prepared for the PCA assay.
Statistics. The data presented here are the means and SDS of four separate experiments done in triplicate. The Student's t-test was used to analyse the results where applicable. Probability values of less than 0.05 were considered significant.
Results

Effects of intracellular calcium Oll the induction of PCA
Previous studies have demonstrated that lipopolysaccharide (LPS)-induced PCA is dependent on the presence of extracellular calcium (Lyberg & Prydz, 1981; Kucey et al., 1991) . Similarly, in this study the induction of PCA by MHV-3 was also dependent on the presence of extracellular calcium as macrophage PCA could not be induced in calcium-free media (data not shown). Although extracellular calcium was necessary, release of calcium from intracellular stores did not result in the induction of PCA. This was demonstrated by the findings that the calcium ionophores ionomycin ( Fig. 1 ) and A23187 (data not shown) were unable to induce expression of macrophage PCA by 6 h, at which time PCA is known to be expressed at nearly maximum levels (Levy et al., 1981 
Effects of activation of PKC on the induction of PCA
Data from other laboratories have demonstrated that activation of PKC by PMA was a potent inducer of TF in human monocytes (Lyberg & Prydz, 1981) . In contrast, in this study PMA (1-100 riM) did not increase expression of macrophage PCA by 6 h (Fig. 4) . Furthermore, the combination of A23187 and PMA failed to induce PCA expression by macrophages (data not shown). While PMA had no effect on PCA induction, treatment of cells with the PKC inhibitors staurosporine or H7 resulted in attenuation of PCA induction by MHV-3 (P < 0"05; Fig. 5 ), although no effects on viral replication were detected (data not shown). These results suggest that activation of PKC alone is insufficient for PCA induction, but that PKC is an integral component for PCA induction by MHV-3.
Effects of dmPGE on the induction of PCA (i) Inhibition of PCA by dmPGE
The induction of PCA in peritoneal macrophages by MHV-3 stimulation followed the pattern of resistance/ susceptibility previously described (Levy et al., 1981) . No induction of PCA was seen in macrophages from ~ P < 0.0001 compared to untreated macrophages stimulated with MHV-3. resistant A/J mice; however, there was a marked rise in PCA levels in macrophages from susceptible BALB/cJ mice (P < 0.001 ; Table 1 ).
In order to confirm the inhibitory effects of dmPGE on the induction of PCA by MHV-3, peritoneal macrophages from BALB/cJ mice were pretreated with dmPGE and subsequently stimulated with MHV-3 as described in Methods. As shown in Table 2 significantly inhibited induction of PCA compared to macrophages exposed to MHV-3 alone (P < 0.0001). Macrophages were examined for viability by trypan blue exclusion both prior to and after incubation. In all cell cultures treated with dmPGE, viability was greater than 95 %, indicating that the inhibition of PCA was not due to cell death.
(ii) Mechanism of inhibition of PCA by dmPGE In order to determine whether cAMP contributed to the mechanism of PCA inhibition by dmPGE, the effects of agents that increase intracellular cAMP [dmPGE, forskolin (an adenylate cyclase activator) and/or IBMX (a phosphodiesterase inhibitor)] were examined for their effect on induction of PCA. DmPGE resulted in reduction of PCA to baseline levels and although there was significant inhibition of PCA by both forskolin and IBMX (P < 0.02) compared to untreated cells, the magnitude of inhibition was less than that observed with dmPGE (P < 0.001 ; Fig. 6 ).
Discussion
Sinusoidal thrombosis with deposition of fibrin and accumulation of inflammatory cells are characteristic findings associated with MHV-3-induced hepatic necrosis (Levy et al., 1983; MacPhee et al., 1985) . Several lines of evidence support the central role of macrophage PCA in the pathogenesis of the disease process (Abecassis et al., 1987; Li et al., 1992) . Induction ofmacrophage PCA is known to correlate with susceptibility of inbred strains of mice to infection with MHV-3 (Levy et al., 1981) . This study examines the early steps following viral infection of macrophages from susceptible mice and contributes to an understanding of the signal transduction events associated with MHV-3 infection and PCA induction.
Experiments examining the signal transduction events of the endotoxin-induced macrophage procoagulant TF by Lyberg & Prydz (1981) have demonstrated that induction of TF by human monocytes is a PKCdependent event, as TF could be induced by phorbol esters. Furthermore, these investigators demonstrated that TF was dependent on the presence of extracellular calcium (Lyberg & Prydz, 1981; Lyberg, 1984) and that the calcium ionophore A23187 was capable of inducing TF (Prydz & Lyberg, 1980) . In contrast, using murine thioglycollate-elicited peritoneal macrophages, Kucey et al. (1991) have shown that neither phorbol esters nor calcium ionophores were capable of inducing TF expression. The differences in these results may be related to differences in cell populations studied, species of origin, and/or incubation and culture conditions. The induction of PCA by MHV-3 is rapid and can occur in the absence of viral replication, as previously demonstrated by the observation that PCA expression precedes increases in viral titres following infection of cells (Levy et al., 1981) . Furthermore, inhibition of de novo host cell RNA and protein synthesis by actinomycin D and cycloheximide, respectively, prevents induction of PCA without interfering with viral replication (Fung et al., 1991) , suggesting that MHV-3 interaction with its receptor initiates the cellular events responsible for PCA induction. However, our study demonstrates that agents that increase [Ca2+]~ or activate PKC either alone or in combination cannot by themselves mimic the signals required for expression of MHV-3-induced PCA. These results are consistent with reports by Kucey et al. (1991) in their studies examining endotoxin-induced TF, but are in contrast to the findings of Lyberg & Prydz (1981) . Furthermore, calcium transients do not appear to be involved in the expression of MHV-3-induced PCA. Following MHV-3 stimulation of macrophages, no detectable changes in [Ca2+]i were observed over a period in which MHV-3 is known to initiate induction of PCA expression. In support of this finding was the failure of calcium ionophores to induce PCA expression, again over a time period when MHV-3 induced significant levels of PCA. However, MHV-3 could not induce PCA in cells stimulated in a calcium-free environment. Whether the absence of extracellular Ca 2+ prevented MHV-3 from binding with its receptor remains to be explored. These data are consistent with the findings of both Lyberg & Prydz (1981) and Kucey et al. (1991) , thus defining an absolute requirement for calcium. Single cell studies examining Ca 2+ oscillations and the IP3-insensitive Ca 2+ stores may provide further information about the precise role of Ca `' + (Foskett et al., 199 l; Thastrup et al., 1990) .
Although the phorbol ester PMA was not sufficient to induce expression of PCA, PKC appeared to play an important role in the induction of PCA by MHV-3, as demonstrated by the findings that inhibition of PKC by either staurosporine or H7 attenuated the induction of PCA by MHV-3. In other cell systems, activation of PKC by phorbol esters in isolation has been shown to be sufficient for either cytokine or receptor induction. These observations are consistent with a 'two-signal' requirement for induction of a cytokine or cell membrane receptor. For example, although interleukin (IL)-2 production by mature T cell receptor (TCR) + T cells can be induced by PMA alone, in general secretion of IL-2 requires a signal in addition to that provided by phorbol esters (Kim et al., 1986) . Other biological systems, including expression of the inducible chain of the IL-2 receptor (Koyasu et al., 1987) and LPS-induced production of IL-1 by macrophages (Bakouche et al., 1992) require multiple signals, including activation of PKC, that act either in concert or in sequence for expression of the effector molecule.
We have previously demonstrated that prostaglandin E (PGE) inhibits induction of PCA by MHV-3 (Abecassis et al., 1987) . These findings are consistent with the immunomodulatory action of PGE and its inhibitory effects on inflammatory mediators such as IL-1 and tumour necrosis factor (TNF; Sinclair et al., 1990b; Spengler et al., 1989) . The mechanism by which PGE inhibits virus-induced PCA is unclear, although the site of action of this agent varies depending upon the specific macrophage product studied. It has been reported to be at the translational, transcriptional or post-translational level (Spengler et al., 1989; Kunkel et al., 1986; Chung et at., 1991) . PGE is known to cause an increase in intracellular levels of cAMP (Takenawa et al., 1986; Kammer, 1988) and several of the suppressive effects of PGE on the immune system are thought to be mediated by this pathway (Knudson et al., 1986; Spengler et al., 1989; Mary et al., 1987) . However, some immune functions, such as LPS-induced synthesis and secretion of IL-1 by peritoneal macrophages, are not inhibited by cAMP (Kunkel et al., 1986) .
The interaction between PGE and its adenylate cyclase-coupled receptor induces activation of the cyclase, hydrolysis of ATP and enhanced turnover of intracellular cAMP (Kammer, 1988) . While many inflammatory cells treated with PGE demonstrate augmented levels of cAMP, it is not known whether the inhibitory effects on inflammatory mediators are related to these increased levels of cAMP (Kammer, 1988) . The present studies demonstrate that treatment of macrophages with agents that increase intracellular cAMP (forskolin, IBMX) can also inhibit PCA induction, although to a lesser extent than dmPGE. This suggests that dmPGE may inhibit PCA by additional mechanisms such as interference with production of potential cofactors, or by altering conformation of the procoagulant molecule on the cell membrane (Chung et al., 1991; Mourelle et al., 1987) . Previous results from our laboratory demonstrated that although functional PCA could be blocked by dmPGE, antigenic PCA was unaffected, suggesting that a post-translational modification of PCA might account for its effect (Chung et al., 1991) .
In vitro analysis of the macrophage effector response to physiological stimuli is difficult due in part to the complex nature of the environment influencing the macrophage response. Examination of a single stimulating ligand may not provide sufficient information to elucidate its role in inducing the effector function, as multiple interacting signals acting in concert or in sequence are generally required to elicit this function. For example, macrophage response to TNF and/or ILl is increased if the cells have been exposed to interferon- (Adams & Hamilton, 1987; Reiner et al., 1990) . Sequential receptor-ligand interactions may induce effector molecules based upon the subsequent activation of specific signal transduction pathways that act in parallel. Perhaps the best example demonstrating the complexity and multi-signal requirements of cell activation for immune effector function is the activation of T lymphocytes following antigen exposure. Here, the difference between T cell activation and anergy following the TCR-MHC/antigen interaction is dependent upon the presence or absence of appropriate co-stimulatory signals (Mueller et al., 1989) .
It is possible that differences in macrophage signal transduction pathways may determine whether the cell is capable of expressing PCA. Furthermore, alterations in these pathways by lymphocyte-to-macrophage contact, cytokine-receptor or drug-receptor interaction may regulate production and/or secretion of the protein and determine the expression of PCA. This work furthers our knowledge of the regulatory pathways for PCA induction by MHV-3 and improves our understanding of the pathogenesis of MHV-3 infection. 
